The corpus callosum is an important predilection site for traumatic axonal injury but may be unevenly affected in head trauma. We hypothesized that there were local differences in axonal injury within the corpus callosum as investigated with diffusion tensor imaging (DTI), varying among patients with differing severity of traumatic brain injury (TBI).
T raumatic axonal injury is a frequent cause of impaired clinical outcome in patients with traumatic brain injury (TBI). 1 The location and severity of traumatic axonal injury is related to various factors, 2, 3 including the characteristics of acceleration/deceleration forces during the trauma incident and differences in attenuation and rigidity between adjacent cerebral structures. One of the predilection sites of traumatic axonal injury is the corpus callosum. 2, 4 This structure forms the largest commissural white matter bundle in the brain. Its genu connects orbitofrontal and frontal cortices, whereas its body and splenium connect temporal, parietal, and occipital regions. 5 CT and MR imaging studies have indicated that the corpus callosum is unevenly affected in TBI in the sense that the splenium more commonly shows traumatic axonal injury than the genu and body. [2] [3] [4] 6, 7 However, the frequency of axonal injury is underestimated with CT and various MR imaging techniques, such as fluid-attenuated inversion recovery (FLAIR), T2-weighted fast spin-echo, and T2*-weighted gradient-echo (GE) sequences. 7, 8 Diffusion tensor imaging (DTI) has evolved in recent years as a valuable complementary technique to investigate traumatic axonal injury. [9] [10] [11] [12] [13] [14] [15] DTI allows quantification of tissue architecture through an extensive description of water diffusion. 16, 17 DTI parameters such as fractional anisotropy (FA) describe the level of structural integrity of the tissue that is investigated. 16 Traumatic axonal injury is associated with FA reduction and changes of the apparent diffusion coefficient (ADC). [9] [10] [11] [12] [13] [14] [15] Fiber tracking algorithms can be used to reconstruct white matter fibers in 3D and may demonstrate reduction of fiber attenuation in TBI. 9 Several DTI studies have investigated the corpus callosum in head trauma. 9, 11, [13] [14] [15] The extent of traumatic axonal injury in the corpus callosum and its relation to trauma severity are not clear from these studies. First, a number of studies investigated only the genu and/or splenium rather than genu, body, and splenium. 11, [13] [14] [15] Second, various studies included only patients with mild or severe TBI, instead of patients with a range of trauma severities. 9, 11, 15 The purpose of the present study was to investigate DTI characteristics of the corpus callosum in patients with mild, moderate, and severe TBI. We hypothesized that there were local differences in DTI characteristics within the corpus callosum, which varied among patients with different TBI severities.
Materials and Methods

Patients and Control Subjects
The study was approved by our local ethics committee. Informed consent was obtained from each patient or from the patient's firstdegree relatives. We prospectively investigated 39 patients with TBI (27 men, 12 women; mean age, 34 Ϯ 12 years). They were selected from 46 consecutive patients who were referred to our neuroradiology department for DTI evaluation of TBI between June 2006 and June 2007 and who had no known history or MR imaging evidence of additional central nervous system disease. Patients with movement artifacts on MR images (n ϭ 7) were excluded. Of the 39 included patients, 24 had mild; 9, moderate; and 6, severe TBI, defined as traumatic head injury with an initial Glasgow Coma Scale score Ն13 (mild), 9 -12 (moderate), or Յ8 (severe). We investigated 10 agematched control subjects (7 men, 3 women; mean age, 37 Ϯ 9 years) for reference values. They were volunteers from our department who gave informed consent to participate in the study and who had no known history or MR imaging evidence of central nervous system disease.
MR Imaging Protocol
Investigations were performed on a 1.5T system (Sonata scanner, Siemens, Erlangen, Germany). Straight head positioning without tilt was aimed at in each patient and control subject. The MR imaging protocol consisted of an axial 3D T1-weighted scan ( 
FA values were visualized in 2D color maps.
Fiber Tracking
Fiber tracking was performed with dedicated software (MedINRIA [http://www-sop.inria.fr/asclepios/software/MedINRIA]). White matter fiber tracts were created in 3D on the basis of similarities between neighboring voxels in shape (quantitative diffusion anisotropy measures) and orientation (principal eigenvector map) of the diffusion ellipsoid and coregistered on the FA map by using a special algorithm previously described. 19, 20 The principal diffusion direction method [20] [21] [22] was used, in which the eigenvector corresponding to the largest eigenvalue is extracted from the diffusion tensor field generated from the DTI datasets in the region where the diffusion is linear. The FA threshold value was 0.20; and the angulation threshold, 45°to prevent fibers from sudden transition and to keep tracking based on the connectivity of the neighborhood, as described elsewhere. 20, 21 The 3D fiber reconstructions were color-coded so that blue represented the superior-inferior; green, the anteroposterior; and red, the left-right direction.
Measurements
Measurements were performed by 1 investigator (D.R.R.) with the software packages described in the previous paragraphs. After realignment and spatial normalization of the DTI scans, 3 midline regions of interest were manually drawn in the corpus callosum on the FA map of each individual: a region of interest of 4 ϫ 4 ϫ 2 (x ϫ y ϫ z) voxels (7.5 ϫ 7.5 ϫ 8 mm ϭ 450 mm 3 ) in the genu, a region of interest of 3 ϫ 5 ϫ 1 voxels (5.625 ϫ 9.375 ϫ 4 mm ϭ 211 mm 3 ) in the body, and a region of interest of 4 ϫ 5 ϫ 2 voxels (7.5 ϫ 9.375 ϫ 8 mm ϭ 562.5 mm 3 ) in the splenium (Fig 1) . Visual comparison was made with the corresponding low b-value diffusion, T1, and FLAIR sections to confirm region-of-interest localization in the corpus callosum without including CSF. For each region of interest, the presence of FLAIR hyperintensities was scored, as well as the presence of hypointensities on the low b-value EPI diffusion and the T2*-weighted scan. Regions of interest that contained such hypointensities, which were considered indicative of hemorrhage, were excluded. For all other regions of interest, FA and ADC were calculated. Fiber tracking software allowed reconstruction of fibers that passed through a given region of interest (Fig 2) . The number of fibers passing through was calculated for each region of interest. All patient measurements were performed blinded to the clinical status of the patient.
Statistical Analysis
Analysis of variance (ANOVA) with Scheffé post hoc analysis, the 2 test, and the nonparametric Kruskal-Wallis test were used to analyze differences in baseline characteristics between patient groups. Differences in DTI and fiber tracking parameters between groups were analyzed through ANOVA with the Scheffé post hoc analysis. A P value Ͻ .05 was considered to indicate a statistically significant difference.
Results
Patient groups showed no statistically significant differences in age and sex ( Table 1 ). The time period between the trauma incident and the MR image was longer in patients with mild TBI than in patients with moderate or severe TBI, who were all investigated Ͻ3 months posttrauma. However, the difference among groups was not statistically significant (P ϭ .2, Kruskal-Wallis test). The frequency of FLAIR hyperintensities in the genu, body, and splenium regions of interest and the frequency of EPI/GE hypointensities in the body and splenium regions of interest were higher in patients with severe TBI than in the other 2 patient groups. However, only the difference in FLAIR hyperintensities in the splenium showed statistical significance (P Ͻ .05). In 1 patient with severe TBI, the region of interest in the callosal body contained EPI/GE hypointensities indicative of hemorrhage. The splenium region of interest contained such hypointensities in 1 patient with mild TBI and in 1 patient with severe TBI. These regions of interest were excluded from further analyses. Compared with control subjects, patients with mild TBI showed no significant difference in FA, ADC, and number of fibers for the genu, body, and splenium (Table 2) .
Patients with moderate TBI (Table 2 ) had significantly lower FA and significantly higher ADC in the genu compared with control subjects (FA, P Ͻ .001; ADC, P Ͻ .01) and with patients with mild TBI (P Ͻ .05). The number of genu fibers in patients with moderate TBI was significantly lower than that in patients with mild TBI (P Ͻ .05). In the callosal body of patients with moderate TBI, FA and ADC were not significantly different from those in the other groups, whereas the number of fibers passing through was significantly lower than that in control subjects (P Ͻ .05). In the splenium of patients with moderate TBI, FA was significantly lower than that in control subjects (P Ͻ .001) and in patients with mild TBI (P Ͻ .01), whereas ADC did not differ significantly from that in other groups. The number of splenium fibers in patients with moderate TBI was significantly lower than that in patients with mild TBI (P Ͻ .05).
Patients with severe TBI (Table 2) had significantly lower FA and significantly higher ADC in the genu compared with control subjects (FA, P Ͻ .001; ADC, P Ͻ .01) and with patients with mild TBI (FA, P Ͻ .05; ADC, P Ͻ .01). The number of genu fibers in patients with severe TBI did not differ significantly from that in other groups. DTI and fiber tracking characteristics of the callosal body in patients with severe TBI were not significantly different from those in other groups. In the splenium of patients with severe TBI, FA was significantly lower than that in control subjects (P Ͻ .001) and in patients with mild TBI (P Ͻ .001), whereas ADC did not differ significantly from that in other groups. The number of splenium fibers in patients with severe TBI was significantly lower than that in control subjects (P Ͻ .01) and in patients with mild TBI (P Ͻ .001). There were no significant differences in DTI and fiber tracking characteristics between patients with moderate and severe TBI.
Because the time period between the trauma incident and the MR image was longer in patients with mild TBI than in the other 2 patient groups, we divided the group of patients with mild TBI into those investigated Ͻ3 months and Ն3 months posttrauma. In patients with mild TBI who were investigated Ͻ3 months posttrauma, the median time interval between the trauma incident and the MR imaging was 0.4 months (first quartile, 0.2 months; third quartile, 0.5 months) compared with 25 months in patients with mild TBI who were investigated Ն3 months posttrauma (first quartile, 8; third quartile, 42 months; P Ͻ .001; Mann-Whitney U test). Patients with Mild TBI who were investigated Ͻ3 months posttrauma had significantly lower FA in the genu compared with control subjects (P Ͻ .01; Table 3 ) and with patients with mild TBI investigated Ն3 months posttrauma (P Ͻ .05), whereas ADC in the genu was significantly higher than that in control subjects (P Ͻ .05). DTI and fiber tracking characteristics of the body and splenium in patients with mild TBI investigated Ͻ3 months posttrauma showed no significant differences compared with those in control subjects and patients with mild TBI investigated Ն3 months posttrauma. In the latter patient group, DTI and fiber tracking characteristics of the genu, body, and splenium did not differ significantly from those in the control subjects.
Discussion
The most important findings of this study are threefold. First, patients with mild TBI investigated Ͻ3 months posttrauma showed reduced FA and increased ADC in the genu of the corpus callosum. Second, patients with mild TBI investigated Ն3 months posttrauma showed no DTI abnormalities in the corpus callosum. Third, patients with moderate and severe TBI had DTI abnormalities in the genu similar to those in patients with mild TBI investigated Ͻ3 months posttrauma and showed reduced FA in the splenium without significant ADC change.
We found that patients with mild TBI investigated Ͻ3 months posttrauma primarily showed DTI abnormalities in the genu, without significant DTI changes in the body and splenium. Possibly, DTI abnormalities in the genu are reversible in mild TBI, because we found no abnormalities in patients investigated Ն3 months posttrauma. In more severe TBI, DTI shows that the splenium is affected in addition to the genu. In all patient groups, we found that FA reduction in the genu was accompanied by significant ADC increase, whereas FA reduction in the splenium occurred in the absence of significant ADC change. This indicates that the type of microstructural change was different in both locations. The ADC increase in the genu may imply a larger contribution of vasogenic edema 23 in this location than in the splenium. Conventional imaging and pathologic-anatomic study have indicated that the posterior corpus callosum is more susceptible to fiber disruption than the anterior corpus callosum. [2] [3] [4] 24 In consequence, it may be hypothesized that the DTI pattern we observed in the splenium is associated with more irreversible traumatic lesions than the DTI pattern in the genu, which in turn may reflect more reversible abnormalities. This should be investigated in a longitudinal study.
The body of the corpus callosum showed no statistically significant FA and ADC change in any of our patient groups. Still, this part of the corpus callosum can show axonal injury in particular in severe head trauma. 4 The relative absence of body abnormalities in our patients may indicate that head trauma was not severe enough to cause lesions in the body of the corpus callosum. We cannot fully exclude DTI abnormalities in the callosal body outside the regions of interest. However, we believe that our region-of-interest size and position included a considerable and representative part of the central body. A larger region of interest would have caused partial volume effects with inclusion of CSF and gray matter. Patients with moderate and severe TBI had relatively few fibers passing through the regions of interest in the corpus callosum. The number of body fibers in moderate TBI and the number of splenium fibers in severe TBI showed a statistically significant reduction compared with that in controls. This apparent fiber loss is probably not explained by secondary axonal loss or degeneration. These phenomena are only supposed to manifest 3 months postinjury, 25, 26 which is considerably longer than the time interval after which our patients with moderate and severe TBI were investigated. Alternative explanations for the low number of fibers may be fiber disruption or edema within the region of interest or variability in the region of interest placement in the callosal body accounting for some of the fiber data variations.
The exact cause of posttraumatic DTI changes in white matter remains to be elucidated. Generally, FA reduction is attributed to a change in parenchymal structure. 9, 11, [13] [14] [15] This may include misalignment of fibers, edema, fiber disruption, or axonal degeneration. Previous studies of the corpus callosum in TBI report varying DTI findings. In a study of 2 groups of patients with mild TBI who were investigated on average 4 days and 68 months after injury, the genu was normal, whereas the splenium showed reduced FA with increased ADC. 11 In another study of mild TBI, FA was reduced in both the genu and splenium within 24 hours after injury. 15 The body of the corpus callosum was not investigated in these studies of mild TBI. In severe TBI investigated on average 14 months after injury, FA reductions were found in the genu, body, and splenium. 9 ADC values were not reported in that study. In 2 studies that investigated various trauma severities within 7 days after injury, reduced FA was found in the genu and splenium. 13, 14 Splenium ADC was reduced in 1 of these studies, 13 suggesting the presence of cytotoxic edema. The callosal body was not investigated in these articles. It is difficult to explain discrepancies of these earlier studies compared with our study because there are essential differ- ences in methods. First, the time interval between injury and imaging varied considerably. This variance implies that the contribution of acute, subacute, and chronic posttraumatic changes inevitably differs between studies. Second, trauma severity differed among studies. Third, the DTI method in previous studies often included 6 diffusion directions, 9,11,13 as opposed to the 25 directions we used. This can result in different estimations of anisotropy and diffusivity. 27 A clinically relevant aspect of our study is that we found the genu to be primarily affected early on in mild TBI. This is somewhat different from the general view that primarily the posterior corpus callosum is affected in TBI. 3, 6, 7, 28 Furthermore, our results show that there are different types of microstructural injuries within the corpus callosum, as indicated by FA and ADC findings in the genu and splenium. A limitation of our study is the absence of neuropsychological correlations and long-term follow-up of our DTI findings. In addition to neuropsychological investigations and follow-up studies, histologic correlation would allow further interpretation of our DTI results. However, for obvious reasons, this may be difficult to obtain, in particular in patients with mild TBI. Furthermore, the number of patients with moderate and severe TBI was relatively small. This may limit the comparison with patients with the mild TBI in our study, who formed a larger group. Finally, our study group did not comprise patients with moderate and severe TBI who were investigated Ն3 months posttrauma. Long-term DTI changes in the corpus callosum in these patient groups remain to be investigated.
Conclusion
Our study shows that there are local differences in DTI characteristics within the corpus callosum, which are related to the clinical severity of head trauma. Mild TBI is associated with DTI abnormalities in the genu Ͻ3 months posttrauma. In more severe TBI, both the genu and splenium are affected. DTI shows different types of microstructural injuries within the corpus callosum, suggesting a larger contribution of vasogenic edema in the genu than in the splenium.
